Objective: The provision of high-quality cardiothoracic surgical training faces many challenges. This has generated an increased interest in simulation-based learning, which can provide a less stressful environment for deliberate practice. We developed a comprehensive, structured program of knowledge and simulation-based learning aligned to the official cardiothoracic surgery curriculum.
Provision of high-quality cardiothoracic surgical training faces many challenges because of the changing clinical environment in which education is delivered. This includes restrictions on working hours, publication of surgeon specific mortality, patient safety issues, trainees with less experience entering the specialty, and more complex operations in patients with multiple comorbidities. 1, 2 Associated with this, there has been a shift in the methodology of training from an apprenticeship model, in which a trainee was guided by a mentor into the craftsmanship of surgery, to a less-structured model for the transmission of knowledge and skills to the trainee. 3 Furthermore, the ''see one, do one, teach one'' philosophy, in which a trainee's first attempt to perform a procedure is on a patient, is no longer acceptable. 4 This has generated an increased interest in the use of simulation-based learning to tackle these challenges in cardiothoracic surgical training.
Simulation-based education is able provide a less stressful environment for trainees to encounter a complete cycle of learning, including direct experience, reflection, conceptualization, and opportunity to experiment. 5 This cycle creates an opportunity for deliberate practice, which is an education technique that uses steps of repetition, assessment, and feedback, resulting in an improvement of performance. 6 This is in stark contrast to the operating room, where clinical and service provision needs restrict the time and opportunity for practice and reflection. Simulation-based learning gives trainees the opportunity to acquire technical skills to complement their learning in the clinical arena but without compromising patient safety. 7 Simulated-learning provides standardized and reproducible learning experiences for trainees that can be adapted to a variety of clinical conditions and complications to encompass both technical and nontechnical skills. 8, 9 Structured simulation-based training can result in a significant improvement in the operative performance of surgeons on patients. 10 The widespread adoption of simulation-based learning has been limited because of availability of faculty in terms of the time and commitment, financial pressures related to the cost of the facilities and equipment, and the absence of a structured curriculum of simulation-based learning in cardiothoracic surgery. 11 Currently, clinical experience gained during cardiothoracic surgery training programs varies widely. In an attempt to bridge the gap and standardize the core knowledge of junior surgeons progressing through their training years, we developed a comprehensive, structured program of knowledge and simulation-based learning, aligned to the official cardiothoracic surgery curriculum.
METHODS AND MATERIALS Curriculum Design
A stepwise approach was used to develop the simulation-based curriculum, first by performing a needs assessment to determine the core knowledge and skills that are required by cardiothoracic surgical trainees progressing through their 6-year training program. 12 This was achieved by reviewing the Royal College of Surgeons cardiothoracic surgery curriculum and full engagement and collaboration of the key stakeholders involved in cardiothoracic surgery training, including the Cardiothoracic Surgery Specialty Advisory Subcommittee of the Joint Royal Surgical Colleges Training Committee and training program directors, as well as extensive discussions with current cardiothoracic surgical specialty trainees.
Once documented, each of the individual core knowledge and skills categories was divided into 5 groups: acquired cardiac surgery, general thoracic surgery, congenital cardiac surgery, intensive care management, and professional development. To ensure the maximum benefits for the trainees, their exact needs at the different stages of their training program were then determined. This allowed an overall program of 10 structured courses to be created and delivered over the 6-year training program ( Figure 1 ). The learning objectives of each course were then created, ensuring that the core knowledge and skills delivered were appropriate to the seniority of the trainee. The course content varied but covered technical skills, case-based discussion management of common clinical scenarios and evaluation of acutely ill patients, nontechnical skills, and matters of professional development pertaining to the practice of a cardiothoracic surgeon.
Education Methodology
The courses were delivered through a multitude of education techniques, including interactive small group (usually 4) sessions and simulation-based models, including low-fidelity, low-cost synthetic simulators; high-fidelity computerized simulators; cadaveric or animal tissue-based ''wet-lab'' simulation models; and live animal operating simulation models.
Low-fidelity, low-cost synthetic simulators were used to recreate the steps involved in a procedure, such as the Arroyo coronary anastomosis simulator (Ethicon Inc, Somerville, NJ), which uses latex tubing to represent the coronary artery and the saphenous vein. As well as the feedback and suggestions for improvement given during the course by the supervising faculty member, this simulator was given to each trainee to be taken home where the trainee can take some ownership of their own training to allow repeated practice and self-reflection. In addition, this was enhanced with simple video-recording facilities, such as using their ubiquitous smart phones or digital cameras, to allow replay and self-critical appraisal.
High-fidelity computerized simulators were also used, such as the Orpheus cardiopulmonary bypass simulator (ULCO Technologies, Abbreviation and Acronym SCTS ¼ Society for Cardiothoracic Surgery in Great Britain and Ireland Scanning this QR code will take you to a supplemental video for the article.
Marrickville, Australia), which includes a plastic thorax model, connected to a real bypass machine, anesthetic machine, and monitoring. A computer program was used to recreate bypass or operative scenarios, where the patient parameters were altered in real-time to teach nontechnical skills, including situation awareness, leadership, team working, decision-making, and crisis management. In addition, the simulator taught technical skills of instituting and weaning from cardiopulmonary bypass, as well as the management of the complications of bypass and emergency scenarios. In addition, a thoracic virtual reality simulator (Surgical Science, Gothenburg, Sweden) was used to train basic thoracoscopic skills and offer feedback, as well as to train them in thoracoscopic lobectomy. The ability of the virtual-reality model to have an instructor mode, where the trainer can control and create operative ease and difficulties, allows it to be used for teaching both technical and nontechnical skills. Cadaveric or animal ''wet-lab'' tissue was used to demonstrate a number of technical skills with clearly defined steps of the procedure, including aortic and venous cannulation, coronary anastomosis, valve repair and replacement, thoracic aortic replacement, pulmonary resection, video-assisted thoracoscopic surgical techniques, and chest wall resection. The highest-fidelity and most realistic simulation model used was the live porcine operating model, where the principles of surgical access, initiating and weaning from cardiopulmonary bypass, and the complete spectrum of cardiac surgical procedures, including off-pump coronary artery bypass grafting, mitral valve repair surgery, valve-sparing aortic root replacement (Figure 2 ), postinfarct ventricular defect repair, and aortic arch replacement, can be taught and performed (Video 1). Likewise, complex thoracic surgical procedures, including video-assisted thoracoscopic surgery lobectomy, sleeve resections, tracheal resection, and laser procedures, were performed in the live porcine operating model. Throughout these procedures, the trainees wore surgical scrubs, hats, masks, and gloves, as well as properly prepping and draping the thorax in a standard fashion to recreate the operating room experience. All procedures were carried out in full accordance of local ethical protocols.
All these skills were taught using the principles of deliberate practice with repetition, assessment, and feedback via direct observation and mentoring from a member of the teaching faculty. All members of the faculty had been taught the principles of education delivery, having undergone a ''Training the Trainers'' course, allowing them to give constructive structured feedback providing the ideal environment for improvement in performance.
Delegates
Every nationally appointed cardiothoracic surgical trainee was invited to attend the 10 courses over their 6-year 
Portfolio of Curriculum-Aligned Cardiothoracic Surgery Training Courses FIGURE 1. Portfolio of structured, curriculum-aligned, simulation-based cardiothoracic surgery training courses. SCTS, Society for Cardiothoracic Surgery in Great Britain and Ireland; CPB, cardiopulmonary bypass; TTE, trans-thoracic echocardiography; CTITU, cardiothoracic intensive therapy unit; ECG, electrocardiogram; IABP, intra-aortic balloon pump; VATS, video-assisted thoracoscopic surgery; CT, computed tomography; MRI, magnetic resonance imaging; TOE, trans-oesophageal echocardiography; PET, positron emission tomography; EBUS, endobronchial ultrasound; ITU, intensive therapy unit; VQ, ventilation perfusion; AVR, aortic valve replacement; TAVI, trans-catheter aortic valve implantation; EUS, endoscopic ultrasound; BaS, barium swallow; PFT, pulmonary function tests; VSD, ventricular septal defect; CABG, coronary artery bypass grafting; SVC, superior vena cava.
the 10 courses over the 12-month cycle (Table 1) . These trainees came from all 39 cardiothoracic surgical units within the United Kingdom and Republic of Ireland. The faculty teaching on the courses came from 33 of the 39 cardiothoracic units.
Course Program
The courses in the first year served as an introduction to specialty training in cardiothoracic surgery, including performing appropriate technical skills, important aspects of intensive care management and practice of surgical access, and placing a patient on cardiopulmonary bypass on a live animal model. The trainees are then taught the knowledge and skills of core cardiac and thoracic surgery before attending an intermediate viva course. This assesses the trainees' knowledge in the middle of their training program to ensure a process of continued learning rather than the previous model in which trainees usually left acquisition of knowledge to their final year just before their specialty examinations. This is followed by a course that teaches the principles of nontechnical skills, such as decision-making, leadership, team-working, and situational awareness, using the high-fidelity Orpheus simulator. The second half of the program includes teaching the aspects of the cardiac and thoracic subspecialties on the live operating simulation model, followed by an examination revision course that teaches the core knowledge of the entire syllabus before testing the trainees' knowledge. The final year of the program teaches the principles of emergency cardiac and thoracic surgery on a live operating simulation model, as well as a professional development course. To deliver the portfolio of courses, we obtained financial support of industry, notably from Ethicon Inc (Somerville, NJ), to allow the trainees to attend all of the courses free of charge, with registration, accommodation, and travel costs for all of the trainees and faculty covered by an educational grant. Ethicon also provided the use of their facilities and equipment at the venues.
Assessment
The courses were assessed through a series of quantitative modified 5-point Likert scale (1 ¼ poor, 5 ¼ excellent) questions, as well as a free-text comment section regarding the strength and weaknesses of the course and suggestions for improvement. These questions assessed the teaching sessions, faculty, content and materials, and organization and facilities. This allowed the courses to evolve from year to year, being responsive to the trainees' needs. In addition, the trainees were asked to complete pre-and postsession confidence and competency levels for each teaching episode of knowledge and skill, respectively. Perceived confidence and competency were assessed using a 10-point scale (1 ¼ not confident/competent to 10 ¼ extremely confident/competent). These data were filled in contemporaneously during the course and collected at the end of the course. In addition, as an objective assessment of the clinical knowledge being taught on the courses, the pass rate of the trainees undertaking FRCS (C-Th) board examination was analyzed in the 3 years after implementation of the courses, compared with the 3 years before trainees attended the courses.
Statistical Analysis
Descriptive statistics were expressed as mean AE standard error, and comparisons were made using a t test. The data were analyzed using the Statistical Package for the Social Sciences (version 23.0; SPSS Inc, Chicago, Ill).
RESULTS
Quantitative analysis of the trainees' feedback demonstrated an extremely positive view of the portfolio of simulation-based training courses with excellent satisfaction scores. The courses averaged highly for the quality of teaching sessions, faculty, content and materials, and organization and facilities (Table 1 ). In particular, the courses with access to the live operating simulation model rated highest, scoring 4.53 AE 0.12 for quality of teaching sessions, 4.82 AE 0.06 for faculty, 4.76 AE 0.04 for content and materials, and 4.83 AE 0.05 for organization and facilities. The assessment process also sought to determine the trainees' self-confidence of knowledge, before and after the interactive small group teaching sessions, and self-perception of competence of a procedure or operation after a simulation-based technical skill session. The courses showed a significant improvement in the pre-and post-self-confidence and perceived self-competency scores (P <.001) ( Table 2) for all sessions.
In addition, qualitative data were collected where the trainees were encouraged to openly express their thoughts on the strengths and weaknesses of the course, as well as suggestions for improvement. The trainees collectively commented that the use of surgical simulation models provided excellent training opportunities and in particular because of the opportunity for deliberate practice. They thought that the simulation models were realistic and allowed them to learn a new skill or practice an already acquired skill though a series of repeatable steps, especially those who were encountering difficulty obtaining educational opportunities during their training program. A specific comment from the trainees when performing the procedures on the live operating simulation model was that once the cardiopulmonary bypass had been commenced they felt as if they were engaged in a ''real'' operation. Several of the trainees commented that the high faculty to trainee ratio (1:2) allowed them to ask questions freely in a safe, open environment, with a culture conducive to learning. All trainees felt better equipped to tackle the clinical duties and operative procedures with patients after attendance at the course and that they had learned many new skills. Of note, they commented that they would recommend the courses to their peers.
The faculty feedback reflected on the enjoyable opportunity for them to teach in an environment without the pressures of theatre throughput or interruptions, and where patient safety was not an issue. In particular, the faculty commented that specific learning objectives could be set and taught through predetermined, important, or rarely encountered clinical or operative scenarios. The feedback was particularly important for the courses to evolve and for suggestions made by the trainees to be incorporated into future iterations of each course or for generic learning points to be included in all the courses. As one would expect from a cohort of surgical trainees, there were requests to increase the number of simulation sessions, but this needs to be tempered with the requirement to balance simulated technical skills sessions with interactive small group sessions teaching core knowledge.
Overall, the trainees expressed their gratitude to the Society for Cardiothoracic Surgery in Great Britain and Ireland (SCTS) Education for their time and effort providing them with a wealth of training opportunities that were not available to their predecessors, to other cardiothoracic trainees worldwide, or to trainees in other surgical specialties.
Assessment of FRCS (C-Th) board examination pass rates in the 3 years after attendance at the courses demonstrated a significant improvement compared with the 3 years before implementation of the courses (94.82% AE 2.34% vs 76.26% AE 3.23%, P < .005). In addition, during the 3-year period after implementation of the courses, the pass rate for the board examinations for the cohort of trainees (nationally appointed) who attended the course was significantly higher than the cohort of trainees (non-nationally appointed) who did not attend the courses (94.82% AE 2.34% vs 52.20% AE 6.25%, P <.001).
DISCUSSION
Simulation-based learning has become an important part of the evolving landscape in the delivery of education in cardiothoracic surgery. 13 It allows the acquisition of surgical skills to be gained in a safe, controlled environment of the simulation laboratory to complement skills learned in the operating theatre. 5 In this study, we have described the development and implementation of a comprehensive, structured portfolio of 10 simulation-based cardiothoracic training courses aligned to the Royal College of Surgeons Cardiothoracic Surgery curriculum. The portfolio of courses imparted knowledge and allowed trainees to develop and refine technical skills through a variety of simulation-based techniques. To the best of our knowledge, it is the first and only extensive program of structured simulation-based courses that have been developed to complement clinical training in cardiothoracic surgery or in any surgical specialty.
The portfolio of courses, with simulation-based teaching, has given the trainees a better exposure to the concepts and practical details of the taught technical skills than previous didactic teaching that they had encountered. It allowed them to develop skills in a less-stressful, safe environment, where they were allowed to practice, experiment, and even make mistakes.
This study demonstrated a significant increase in trainees' self-confidence in knowledge and self-perception of competency of technical skills after the sessions. These findings are consistent with previous studies that have demonstrated that structured simulation-based teaching sessions improve the confidence level of participants.
14 In turn, self-confidence has been shown to be associated with increased trainee motivation and achievement, because trainees' behavior is determined by their beliefs about their own capabilities. 15 Thus, trainees who have had the opportunity to deliberately practice technical and nontechnical skills in the less-stressful environment of the simulation laboratory are able to perform these skills on a patient with more confidence and less anxiety. This has the benefit of increasing the confidence of the trainees when dealing with similar scenarios with patients in a clinical setting. 15 Despite the many training opportunities and benefits to patient safety, simulation-based learning has yet to gain widespread acceptance and become an established component of contemporary cardiothoracic surgery training programs.
14 Initially, concerns regarding how realistic the simulation models were and how reliably they could demonstrate a series of components of a procedure engendered a reluctance to engage in simulation-based training, especially that the simulators do not reproduce the same response seen in human disease. With improving fidelity of simulation models, some of these concerns can be dispelled, especially with live large animal operating models, where once prepped and draped, the procedure almost identically mirrors that encountered in a human patient. However, the development and implementation of these models, especially live operating models, can be costly and require considerable financial investment. These costs have been passed on to the delegates and, because trainees need to attend several clinical, simulation, and professionalism courses, can add up to a significant financial burden. 16 This has been eased because of the association with industry partners. However, the interaction with industry needs to balance the delivery of education while steering clear of any conflict of interest. 17 In our portfolio of courses, the educational content, learning objectives, course delivery, and recruitment of faculty were organized by the National Cardiac and Thoracic Surgical Tutors (NM, SR), with no influence from industry. The data reported in this study validate the simulation-based curriculum but are not being used in any way to provide marketing of any product or validate any commercial simulation devices.
Another major restraint to the widespread use of simulation-based training is the availability of suitable faculty to teach on the courses. 11 It requires a significant commitment from surgeons who already have many competing interests for their time. We have been fortunate because of the great commitment of established cardiothoracic surgeons to give up their free time to teach the courses. In addition, we have been given support and encouragement from the SCTS to pursue this unique opportunity to deliver the portfolio of training courses, and the SCTS provided us surgeons to teach as faculty on the courses. This curriculum should be considered the first draft with plans to continually evolve and improve it. Quality assurance is being provided both internally from SCTS Education and externally from the Department of Education at the Royal College of Surgeons of Edinburgh, with changes made on the basis of feedback from the trainees, faculty members, and educationalists who we have involved in assessing the courses. Initial results demonstrate that the concept of a portfolio of simulationbased, curriculum-aligned training courses is feasible and delivers great educational value in terms of stages 1 and 2 of Miller's pyramid of education delivery, namely, reaction and learning. 18 All trainees and faculty were in agreement that the courses should be a mandatory part of all training programs throughout the country. The major challenge is to continue to maintain the funding stream for the courses and to ensure faculty attendance, currently on a voluntary basis. We are planning to measure immediate and longitudinal outcomes of the courses in relation to clinical practice. Moving forward, in addition to the live operating simulation model, we plan to use simulation models with increased fidelity, including better haptics and tactile feedback.
Study Limitations
The improvement of board examination pass rates in the 3-year period after implementation, compared with the 3-year period before or the non-nationally appointed cohort of trainees who did not attend the courses, may be related to other external factors, but it is important to note that the major change in cardiothoracic surgical education over this time period was the introduction of the portfolio of courses. The use of self-assessment also has several limitations that can lead to an increased or decreased appreciation of one's knowledge or skills. In addition, the positive educational experience of the training course may in itself lead to the increased perception of knowledge and skills in the postcourse self-assessment. Although there are limitations of simulation-based training, including realism and fidelity, it is important to understand that simulation-based training courses are there to complement training that occurs in the operating theatre on patients, which provides the most realistic, highest-fidelity experience for the trainees. Determination of whether these courses ultimately have any impact on patient outcomes may prove to be difficult because of the numerous factors that are involved in the clinical outcome of a patient.
CONCLUSIONS
This study describes the development of a structured portfolio of curriculum-aligned, simulation-based training courses, which have the central tenet of patient safety at the foundation, allowing trainees to develop technical skills in a less-stressful environment through a process of deliberate practice.
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